Introduction {#Sec1}
============

Abnormalities in energy expenditure and lipid metabolism lead to dyslipidemia, obesity, and metabolic syndrome, all of which are major health problems in developed countries (Wild et al. [@CR51]; Ghandehari et al. [@CR17]; Muhlhausler and Smith [@CR33]; Qi and Cho [@CR39]). Lipid metabolism depends on numerous environmental and genetic factors, and one essential environmental factor is food intake. Recent studies have shown that maternal nutrition during gestation (the maternal effect) also contributes significantly to determining metabolism. This phenomenon is known as fetal programming (Chmurzynska [@CR9]; Jones and Ozanne [@CR22]; Heerwagen et al. [@CR20]). One of the molecular mechanisms that underlies fetal programming is a change in epigenetic DNA modifications---mainly DNA methylation---due to altered availability of the nutrients involved in the methylation process (i.e. methionine, folates, vitamins B~6~ and B~12~, and choline) (Burdge et al. [@CR4], [@CR6]; Mathers and McKay [@CR31]). Moreover, the metabolic state of a mother can affect the development of a fetus through the secretion of numerous hormones and cytokines (Barker [@CR2]; McMillen and Robinson [@CR32]; Gicquel et al. [@CR18]; Valsamakis et al. [@CR48]).

Different variants of a maternal diet may evoke different long-term effects, and methionine content and sulfur amino acid balance in the maternal diet has been identified as one of the most important programming factors (Langley-Evans [@CR24]; Rees et al. [@CR40], [@CR41], [@CR42]). Sulfur amino acids are involved not only in methylation processes, but are also regulators of lipid metabolism (Oda [@CR35]).The interrelation between sulfur-containing amino acids and lipid metabolism has recently been underlined (Obeid and Herrmann [@CR34]). Since methionine and homocysteine homeostasis depend on the folate pathway (among other factors), it is not surprising that several studies have revealed a relation between folate status and lipoprotein profile (Semmler et al. [@CR45]; Ojeda et al. [@CR36]; Lim et al. [@CR29]), as well as liver steatosis (Esfandiari et al. [@CR15]; Christensen et al. [@CR11]), but also adiposity and fat distribution (Mahabir et al. [@CR30]). Sulfur amino acids and folic acid may therefore contribute to fetal programming in two ways---directly, by influencing fetal DNA methylation, and indirectly, by influencing maternal metabolism.

Control of lipid homeostasis is a very complex process and involves transcriptional regulation of many genes, which is achieved by the concerted action of key lipid metabolism regulators---liver X receptors (LXRs) and peroxisome proliferator-activated receptors (PPARs) (Beaven and Tontonoz [@CR3]). LXRs operate as cholesterol sensors, protecting against cholesterol overload through decreasing the levels of intestinal absorption of cholesterol, and by stimulating cholesterol efflux to HDL, its transport to the liver, its conversion to bile acids, and biliary excretion (Wójcicka et al. [@CR52]). PPARα is the key regulator of fatty acid oxidation and thus is a regulator of energy expenditure (Pyper et al. [@CR38]). The biological function of PPARγ relies on the control of adipogenesis. Moreover, lipid accumulation may occur via *PPARγ* activation in cells other than adipocytes (Desvergne et al. [@CR12]).

The influence of methyl donor content in the maternal diet on DNA methylation and lipid metabolism in progeny has been analyzed in several experiments (Burdge et al. [@CR4], [@CR5]; Erhuma et al. [@CR13], [@CR14]). In most of these studies, the Southampton low-protein diet was used. This is a casein-based diet, supplemented with DL-methionine. It has been shown that a low protein diet in utero programs hypertriglyceridemia and insulin resistance in the aging rats (Erhuma et al. [@CR14]). On the other hand, it has been suggested that folic acid supplementation during gestation prevents an altered epigenotype caused by protein restriction (Lillycrop et al. [@CR27]). Folic acid intake in the juvenile-pubertal period may also modify the prenatally induced metabolic phenotype (Burdge et al. [@CR7]). Furthermore, the effect of maternal nutrition during gestation is modified by postnatal feeding (Burdge et al. [@CR5]; Erhuma et al. [@CR13]; Jones et al. [@CR23]).

The aim of our study is to analyze the influence of maternal diets differing in the quantities of protein and folic acid they contain on the lipid metabolism of 10- and 16-week-old progeny. We also investigated whether prenatal nutrition determines the response to high-fat feeding. In the present study, we have used casein-based, sulfur amino acid balanced diets, supplemented with [l]{.smallcaps}-cystine---that is, a modification of the standard AIN-93 diet for growing, pregnant, and lactating rodents.

Materials and methods {#Sec2}
=====================

Experimental procedure {#Sec3}
----------------------

All animal studies were approved by the local ethics committee (approval no. 35/2007). Rats were housed in individual metabolic cages on a 12-h light/12-h dark cycle, at a temperature of 20°C. Twenty virgin female Wistar rats (five per group) were mated with eight male rats. After successful mating was confirmed by the presence of a vaginal plug, the female rats were assigned to one of four groups: the NP-NF group was fed the normal protein, normal folic acid diet (the AIN-93 diet; 20% casein and 2 mg folic acid/kg diet); the PR-NF group was fed a protein-restricted, normal folic acid diet (9% casein and 2 mg folic acid/kg diet); the PR-FS group was fed a protein-restricted, folic acid--supplemented diet (9% casein and 5 mg folic acid/kg diet); and the NP-FS group was fed a normal protein, folic acid--supplemented diet (20% casein and 5 mg folic acid/kg diet). All diets were supplemented with [l]{.smallcaps}-cystine, with the protein-restricted diets being supplemented by a quantity of [l]{.smallcaps}-cystine proportional to their protein content. In the protein-restricted diets, casein was replaced by wheat starch, and so the diets were isocaloric. The litters were culled to a maximum of eight pups within 3 days of delivery to minimize variation in nutrition during the suckling period. The minimal size of a litter was eight.

At the age of 4 weeks, the offspring of each mother group (eight per group, four males and four females) were randomly assigned to two groups that were fed the AIN-93 diet (the AIN groups), or a high-fat diet (HF groups) for 6 weeks. Since programming effects can differ depending on age, the other animals (*n* = 6, three males and three females) were introduced to this feeding scheme at the age of 10 weeks. The design of the study is presented in Fig. [1](#Fig1){ref-type="fig"} and has been recently described (Chmurzynska et al. [@CR10]). The high-fat diet was 39.5% fat by weight, which was provided by sunflower oil and lard (Table [1](#Tab1){ref-type="table"}).Fig. 1Design of the study. There were two periods in which the experimental diets were used: during pregnancy and the postweaning period. During pregnancy, the following diets were used: a normal protein, normal folic acid diet (NP-NF) (this was a modified AIN-93 diet); a protein-restricted, normal folic acid diet (PR-NF); a protein-restricted, folic acid--supplemented diet (PR-FS); and a normal protein, folic acid--supplemented diet (NP-FS). Two groups of progeny (4 and 10 weeks old) of each maternal dietary group were fed with the modified AIN-93 (NP-NF) or the HF diets for 6 weeks (the *dotted lines*). Each group of younger rats consisted of eight individuals (four males and four females), while the older animal groups consisted of six individuals (three males and three females)Table 1Composition of the prenatal and postnatal diets (g/kg diet)Dietary ingredientType of dietNP-NFPR-NFPR-FSNP-FSHFCasein2009090200200[l]{.smallcaps}-cystine31.351.3533Wheat starch532643.5643.5532207Sucrose100100100100100Potato starch5050505050Vitamins1010101010Folic acid----0.0050.005--Mineral mix3535353535Sunflower oil70707070100Lard--------295Total energy (kcal/100 g diet)^a^424400400424604*NP*-*NF* normal protein, normal folic acid diet, *PR*-*NF* protein-restricted, normal folic acid diet, *PR*-*FS* protein-restricted, folic acid--supplemented diet, *NP*-*FS* normal protein, folic acid--supplemented diet, *HF* high-fat diet^a^Total dietary energy was determined by bomb calorimetry

Food intake was measured every day during pregnancy and throughout the life of the offspring. The weight gain of the mothers and of the offspring was measured weekly. Food intake was normalized for body weight (g food intake/day per 100 g body weight), and was calculated as the average calorie daily intake in kcal/day per 100 g body weight. Moreover, the feed conversion efficiency (FCE) was calculated as kcal food consumed per g weight gained.

Analysis of body composition and measurements of biochemical blood parameters {#Sec4}
-----------------------------------------------------------------------------

At the end of the experimental period, the animals were anesthetized by sodium thiopental injection (40 mg/kg body weight) after an overnight fast, and euthanized by cardiac puncture. Liver samples were taken and the total amount of visible fat in the abdominal cavity was removed and accurately weighed. Central adiposity was calculated as a percentage of the abdominal fat mass in the entire body weight. Plasma glucose, total cholesterol, HDL cholesterol, LDL cholesterol, and triacylglycerol (TAG) concentrations were measured by standard colorimetric assay using a Vitalab Flexor biochemical analyzer. Serum insulin concentration was measured using radioimmunological assay (Rat Insulin Radioimmunoassay Kit, Millipore Corporation, Billerica, MA, USA), according to the manufacturer's protocol.

RNA extraction {#Sec5}
--------------

Total RNA was extracted from the liver and visceral fat tissues using Tripure Isolation Reagent (Roche) according to the manufacturer's protocol. In order to remove excess lipids, one additional step was introduced in which the visceral fat samples were centrifuged upon homogenization at 12,000 rpm/10 min/+4°C, and the clear solution was transferred to a fresh tube, from which point further RNA extraction steps were performed.

Reverse transcription {#Sec6}
---------------------

Approximately 1 μg RNA was taken for cDNA synthesis. Samples of RNA were incubated with a set of random hexamers (Roche, 0.25 μg/μl) and oligodT(~15~) (Roche, 0.25 μg/μl) at 70°C/10 min. A mixture of dNTP (5.0 mM, Roche), 1 U reverse transcriptase AMV (EUR~X~, Poland), and 20 U Protector RNase Inhibitor (Roche) was added. After a 2-h incubation at 37°C, the AMV enzyme was inactivated at 94°C/5 min. The cDNA was then diluted 3× and stored at −20°C.

Real-time PCR {#Sec7}
-------------

The real-time PCRs were performed on a Light Cycler 2.0 (Roche) based on the SYBR Green detection system (Roche). 18S ribosomal RNA (*18S rRNA)* and β-actin (*ACTB*) genes were used as references for the normalization of data. Each 10-μl reaction mixture consisted of 3 μl cDNA, 0.5 μl LightCycler Fast Start DNA Master SYBR Green I^®^ kit (Roche), 20 μM MgCl~2~ (*PPARγ* and *18S rRNA*)*,* 30 μM MgCl~2~ (*PPARα*), 40 μM MgCl~2~ (*LXRα*) or 50 μM MgCl~2~ (*ACTB*), and 0.3 μM forward and reverse primers. The primers used are presented in Table [2](#Tab2){ref-type="table"}. The real-time PCR cycling involved predenaturation at 95°C for 10 min, followed by 45 cycles of denaturation at 95°C for 10 s, annealing at 62°C for 2 s (67°C for *LXRα*), and elongation at 72°C for 8 s (7 s for *LXRα*). The amplified fragment specificity was confirmed by the melting curve and product length analysis on 1.6% agarose gel. The relative quantification of the mRNA level was performed in duplicates based on a Second Derivative Maximum Method (Roche). Standard curves were designed as tenfold dilutions of the appropriate PCR product in the range of 10--0.0001 aM. The abundance of *PPARα, PPARγ*, and *LXRα* gene transcripts was then normalized to a geometric mean of two reference genes (*18S rRNA* and *ACTB*) (Vandesompele et al. [@CR50]).Table 2Primer sequences used in gene expression analysisGeneForward primer sequenceReverse primer sequence*PPARα*5′ CTT CCA GCC CCT CCT CAG TCA G 3′5′ TAC GCC AGC TTT AGC CGA ATA GTT 3′*PPARγ*5′ GCG AGG GCG ATC TTG ACA G 3′5′ ATG CGG ATG GCC ACC TCT TT 3′*LXRα*5′ CAG GGC TGC AGG TGG AGT TC 3′5′ GGT CGT GG GGT GGT TGA TG 3′*ACTB*5′ CTG GGA CGA TAT GGA GAA GAT TTG 3′5′ CAT GGC TGG GGT GTT GAA GG 3′*18* *s rRNA*5′ GAC CGG CGC AAG ACG AAC CAG AGC 3′5′ AAT AAC GCC GCC GCA TCG CCA GTC 3′

Statistical analysis {#Sec8}
--------------------

Values are presented as group means with standard errors. Statistical analysis was carried out using STATISTICA 8 for Windows. The effects of prenatal and postnatal diets were assessed using a fixed model ANOVA (fixed effects: maternal protein intake, maternal folic acid intake, fat content in the postnatal diet, and offspring sex), followed by a *post hoc* Scheffé's test. The initial ANOVA model included sex as a factor. In analyses where sex showed significance, males and females were analyzed separately, otherwise male and female data were considered together. *P* \< 0.05 was accepted as statistically significant. Effect strengths were estimated by partial eta squared (partial ε^2^). For all presented results, power analysis showed a power of 0.8--1.0, with α = 0.05.

Results {#Sec9}
=======

Food intake {#Sec10}
-----------

The diet consumption of mothers was normalized for body weight, and no significant differences were found between dam groups (NP-NF 5.8 ± 0.32; PR-NF 6.06 ± 0.09; PR-FS 6.59 ± 0.27; NP-FS 6.05 ± 0.35 g/day per 100 g body weight). However, overall weight gain was dependent on the protein content in the diet. Protein restriction was associated with a lower weight gain in pregnant dams (86.1 ± 3.7 g vs. 98.2 ± 2.3 g; *P* \< 0.05).

In the 10-week-old rats, higher intake was observed in the male sex. Moreover, food intake was higher in the animals fed with the AIN-93 diet than in those fed with the HF diet (*P* \< 0.05). The calorie intake (kcal/day per 100 g body weight) was not affected by the maternal diet or by the postnatal feeding scheme. However, in the 16-week-old rats, higher calorie intake was observed in the male rats (*P* \< 0.001). There was also an interaction effect of protein and folic acid content in the maternal diet on calorie intake in the progeny (*P* \< 0.01), and the highest calorie intake was observed in the progeny of NP-NF dams.

In the 10-week-old rats, sex was a factor which influenced the FCE (*P* \< 0.001), and this reached a higher level in the female rats. The higher fat content in the postweaning diet was associated with a lower FCE (*P* \< 0.001). There was also an interaction effect of protein and folic acid content (*P* \< 0.001), and the highest FCE was found in the progeny of the NP-FS dams. Similarly, in the 16-week-old rats, the FCE was affected by sex (*P* \< 0.001), being higher in the females. An interaction effect of protein content in the maternal diet and sex was also detected (*P* \< 0.01), with the FCE being 20% higher in the female progeny of protein-restricted dams, compared with the female progeny of dams fed with the normal-protein diet, while there was no such association in the male rats.

Biometry {#Sec11}
--------

Body weight in the 10-week-old rats was not affected by prenatal or postnatal nutritional factors. In the 16-week-old animals, however, lower body weight was observed in the progeny of the folic acid--supplemented dams (320 ± 19 g) than in the progeny of the non-supplemented dams (353 ± 22 g; *P* \< 0.01)---see Fig. [2](#Fig2){ref-type="fig"}. Moreover, body weight was influenced by fat content in the postweaning diet (*P* \< 0.01). Body weight was also affected by sex in both the younger and older rats, with higher values in the male rats (*P* \< 0.001 for both associations).Fig. 2The main effect of folic acid content in the maternal diet on body weight of 16-week-old rats (multi-way ANOVA, *P* \< 0.01). No such effect was observed in 10-week-old animals.*Bars* without a common superscript are significantly different

In the 10-week-old rats, the high-fat diet stimulated abdominal fat accumulation (12.43 ± 0.76 g vs. 17.17 ± 0.89 g, *P* \< 0.001) and resulted in increased central adiposity. Abdominal fat mass was also affected by sex (*P* \< 0.001), and was higher in the males---see Fig. [3](#Fig3){ref-type="fig"}a. The effects of prenatal nutrition on abdominal fat mass were only observed in the 16-week-old rats. The progeny of dams fed with the normal folic acid diet had significantly higher abdominal fat mass than the progeny of folic acid--supplemented dams (29.43 ± 2.77 g vs. 21.53 ± 1.71 g, *P* \< 0.001), and high-fat feeding produced a similar effect (30.50 ± 2.90 g vs. 20.82 ± 1.41 g, *P* \< 0.001).There was also an interaction effect of folic acid and sex (*P* \< 0.05), as shown in Fig. [3](#Fig3){ref-type="fig"}b. Abdominal fat mass was positively correlated with body weight (*r* = 0.66 and *r* = 0.79; *P* \< 0.05 in 10- and 16-week-old rats, respectively) and with serum insulin concentration (*r* = 0.27; *P* \< 0.05 in 10-week-old rats).Fig. 3The main effect of sex on abdominal fat weight in the 10-week-old rats (multi-way ANOVA, *P* \< 0.001). The abdominal fat weight was higher in the males, irrespective of prenatal folic acid supplementation (**a**). In the 16-week-old rats, there was an interaction effect of folic acid content in the maternal diet and sex on abdominal fat weight (multi-way ANOVA, *P* \< 0.001 (**b**). *Bars* without a common superscript are significantly different

In 16-week-old rats folic acid supplementation of the maternal diet was followed by decreases in central adiposity of almost 20% (*P* \< 0.01). There was a tendency toward increased central adiposity in animals prenatally fed with the normal folic acid diet and postnatally fed with the high-fat diet. Moreover, an interaction effect of folic acid and age was detected, and 16-week-old progeny of folic acid--supplemented dams had over 30% increased central adiposity compared with other groups (*P* \< 0.05).

Blood parameters {#Sec12}
----------------

In the 10-week-old rats, a main effect of folic acid content in the maternal diet on glucose concentration was found (Table [3](#Tab3){ref-type="table"}), and higher folic acid content was associated with lower plasma glucose concentrations---7.51 ± 0.14 mmol/l versus 6.76 ± 0.24 mmol/l, *P* \< 0.01. Folic acid supplementation of the maternal diet was associated with about 20% lower cholesterol concentration in both the 10- and 16-week-old rats (*P* \< 0.001). In the 16-week-old rats, an association was found between prenatal nutrition and the ratio of HDL cholesterol to total cholesterol: lower protein content or higher folic acid content in the maternal diet was associated with an increased value of this ratio (*P* \< 0.01 and *P* \< 0.05, respectively). The ratio of HDL cholesterol to total cholesterol was also influenced by the protein content × age and folic acid content × age effects (*P* \< 0.01 and *P* \< 0.05 respectively). The highest values were detected in the protein-restricted 16-week-old rats and in the folic acid--supplemented 16-week-old rats. There was no effect of prenatal nutrition on the LDL cholesterol and TAG concentrations in the 10-week-old rats (Table [3](#Tab3){ref-type="table"}). In the 16-week-old animals, higher folic acid content in the maternal diet was associated with a lower TAG concentration in the progeny (0.31 ± 0.03 mmol/l vs. 0.45 ± 0.04 mmol/l, *P* \< 0.01). The TAG concentration was also influenced by the folic acid content × age effect (*P* \< 0.01), and the reduced TAG level was associated with older age and folic acid supplementation of the maternal diet.Table 3Biochemical parameters of 10- and 16-week-old rats (group means with their standard errors, *n* = 8 and *n* = 6 for 10- and 16-week-old animals, respectively)ParameterAge (weeks)Rat groupsSignificanceNP-NF AINNP-NF HFPR-NF AINPR-NF HFPR-FS AINPR-FS HFNP-FS AINNP-FS HFFAFFA × SGlucose (mmol/l)108.04 ± 0.437.47 ± 0.267.30 ± 0.177.23 ± 0.116.48 ± 0.436.13 ± 0.466.89 ± 0.397.46 ± 0.55\*\*166.91 ± 0.387.31 ± 0.436.44 ± 0.236.25 ± 0.226.20 ± 0.306.91 ± 0.457.10 ± 0.356.77 ± 0.25Cholesterol (mmol/l)101.99 ± 0.081.69 ± 0.102.08 ± 0.171.73 ± 0.131.74 ± 0.081.55 ± 0.091.60 ± 0.071.54 ± 0.09\*\*\*\*\*161.81 ± 0.101.90 ± 0.172.24 ± 0.091.76 ± 1.171.59 ± 0.141.25 ± 0.121.85 ± 0.101.38 ± 1.14\*\*\*\*\*HDL (mmol/l)101.66 ± 0.061.44 ± 0.091.67 ± 0.121.53 ± 0.141.39 ± 0.071.31 ± 0.071.34 ± 0.061.30 ± 0.07\*\*\*161.43 ± 0.071.61 ± 0.111.96 ± 0.091.62 ± 0.171.46 ± 0.141.13 ± 0.091.58 ± 0.111.29 ± 0.15\*\*LDL (mmol/l)100.176 ± 0.0340.136 ± 0.0240.222 ± 0.0500.091 ± 0.0150.151 ± 0.0240.098 ± 0.0080.146 ± 0.0230.146 ± 0.009\*\*TAG (mmol/l)100.455 ± 0.0700.282 ± 0.0230.410 ± 0.0340.360 ± 0.0500.484 ± 0.0870.425 ± 0.0390.360 ± 0.0440.444 ± 0.102160.422 ± 0.0340.405 ± 0.0510.469 ± 0.0720.507 ± 0.1130.375 ± 0.0880.280 ± 0.0440.292 ± 0.0330.294 ± 0.030\*\*\*\*Insulin (ng/ml)100.914 ± 0.1951.097 ± 0.2120.958 ± 0.2211.020 ± 0.3690.777 ± 0.1450.077 ± 0.2780.869 ± 0.1471.384 ± 0.205Data were analyzed with multi-way ANOVA, and the *P* values are only shown for statistically significant univariate or interaction effects*P* maternal dietary protein, *FA* maternal dietary folic acid, *F* dietary fat, *S* offspring sex\*\* *P* \< 0.01; \*\*\* *P* \< 0.001

There was no significant effect of prenatal or postnatal nutrition on serum insulin concentrations in 10-week-old rats. The group means are presented in Table [3](#Tab3){ref-type="table"}. Insulin concentration correlated positively with body weight, abdominal fat mass, and calorie intake (*r* = 0.32, *r* = 0.27 and *r* = 0.33; *P* \< 0.05, respectively).

Gene expression---liver {#Sec13}
-----------------------

The expression of *LXRα*, *PPARα*, and *PPARγ* was analyzed in the liver of the 10-week-old rats. The level of folic acid in the maternal diet had a very significant effect on the expression level of the *LXRα* gene (*P* \< 0.001; partial eta ε^2^ = 0.42). In the progeny of mothers fed with the normal folic acid diet, the mRNA level was twice as high as in the progeny of supplemented dams. There was also an interaction effect of the protein and folic acid content in the maternal diet (*P* \< 0.001; partial ε^2^ = 0.39), with expression being lowered in all groups compared with the NP-NF groups---Fig. [4](#Fig4){ref-type="fig"}a. Postnatal feeding did not affect *LXRα* gene expression.Fig. 4Quantification of mRNA levels of *LXRα* (**a**), *PPARγ* (**b**), and *PPARα* (**c**) in the livers of rats belonging to different maternal dietary groups. The results are presented as group means with *standard errors*. The significant effects of protein content × folic acid and content × fat content are shown in **b** and **c** (multi-way ANOVA, *P* \< 0.01 for both associations). *Bars* with the *same superscript* are not significantly different from each other (*n* = 8)

The increased *PPARγ* gene expression was associated with lower folic acid content in the maternal diet (0.0080 ± 0.001 vs. 0.0045 ± 0.001, *P* \< 0.01; partial ε^2^ = 0.14) and higher fat intake during postnatal life (0.0079 ± 0.001 vs. 0.0046 ± 0.001, *P* \< 0.01; partial ε^2^ = 0.13). An interaction effect between the protein and folic acid content in the maternal diet, and the fat content in the postweaning diet, was observed (*P* \< 0.05; partial ε^2^ = 0.11). The highest transcription level of the *PPARγ* gene was detected in the PR-NF HF animals---Fig. [4](#Fig4){ref-type="fig"}b. In males, *PPARγ* expression was twice as high as in females (*P* \< 0.001).

The protein restriction or normal folic acid content in the maternal diet was reflected by a higher *PPARα* gene expression level (*P* \< 0.001 and *P* \< 0.01, respectively; partial eta squared 0.29 and 0.15, respectively). In the progeny of mothers belonging to the protein-restricted group, expression was twice as high as in the other animals. Folic acid supplementation of the dams' diet resulted in about a 40% decrease in *PPARα* transcription in the offspring. Moreover, there was an interaction effect between the protein and folic acid content in the maternal diet, with the result that 7--8 times lower level of *PPARα* transcription was found in the progeny of NP-FS dams (*P* \< 0.001; partial ε^2^ = 0.22). A significant difference was observed between animals fed with the high-fat diet, but exposed to different folic acid levels in utero (non-supplemented and high-fat diet rats: 0.0183 ± 0.002^b^; non-supplemented and low-fat diet rats: 0.0143 ± 0.002^a,b^; supplemented and high-fat diet rats: 0.0077 ± 0.002^a^; and supplemented and low-fat diet rats: 0.0127 ± 0.003^a,b^; *P* \< 0.05; partial ε^2^ = 0.08). An interaction effect was also found for protein and folic acid content in the maternal diet and the fat content in the postweaning diet (*P* \< 0.01; partial ε^2^ = 0.17)---Fig. [4](#Fig4){ref-type="fig"}c.

There was a positive correlation between *PPARα* and *PPARγ* (*r* = 0.36; *P* \< 0.05), and between *PPARγ* and *LXRα* mRNA levels (*r* = 0.31; *P* \< 0.05). Moreover, the *PPARγ* transcription level was positively correlated with abdominal fat mass, body weight, weight gain, and calorie intake, with correlation coefficients 0.30, 0.42, 0.46, and 0.37, respectively (*P* \< 0.05). The *LXRα* mRNA level correlated with cholesterol concentration (*r* = 0.35; *P* \< 0.05).

Gene expression---adipose tissue {#Sec14}
--------------------------------

Exposure to protein restriction was reflected by lowered *LXRα* gene expression---0.039 ± 0.004 versus 0.058 ± 0.005, *P* \< 0.01. An interaction effect of protein and folic acid content in the maternal diet also occurred (*P* \< 0.05). The progeny of the NP-NF dams differed significantly from other maternal dietary groups, in which approximately a twofold higher transcription level was noticed. Furthermore, a protein × fat content effect was found in the diets (*P* \< 0.05). The highest level of *LXRα* expression was thus associated with normal folic acid content in the dams' diet, and low fat in the postnatal diet. Prenatal and postnatal factors did not alter *PPARγ* gene expression in adipose tissue, but expression was influenced by sex (*P* \< 0.01). The relative levels of expression of *LXRα* and *PPARγ* in adipose tissue in all maternal dietary groups are presented in Fig. [5](#Fig5){ref-type="fig"}a, b. There was a significant positive correlation between *PPARγ* and *LXRα* transcription (*r* = 0.43; *P* \< 0.05). *LXRα* transcription correlated with serum glucose concentration (*r* = 0.25; *P* \< 0.05). Moreover, the *PPARγ* transcription level was negatively correlated with body weight, weight gain, and calorie intake (*P* \< 0.05), and the correlation coefficients were −0.33, −0.35, and −0.26, respectively.Fig. 5Quantification of mRNA levels of *LXRα* (**a**) and *PPARγ* (**b**) in adipose tissue of rats belonging to different maternal dietary groups. The results are presented as mean values with *standard errors* (*n* = 8)

Discussion {#Sec15}
==========

The present study shows that different amounts of protein and folic acid in the maternal diet during gestation may induce widespread changes in lipid metabolism of the 10- and 16-week-old progeny.

Programming of lipid metabolism {#Sec16}
-------------------------------

The influence of prenatal nutrition on body weight was only observed in the 16-week-old rats, and the progeny of folic acid--supplemented dams had lower body weights compared with the progeny of dams fed with the normal folic acid diet (*P* \< 0.01). The maternal diet also determined the adiposity of the rats, and in the 16-week-old rats the abdominal fat mass and central adiposity were much higher in the offspring of dams not supplemented with folic acid, especially in combination with high-fat postweaning feeding. The differences in abdominal fat mass with respect to folic acid content in the maternal diet were also dependent on sex, and were more pronounced in the male rats. Folic acid supplementation of the maternal diet was associated with over 30% reduction in abdominal fat mass in the male rats, while in the females the reduction was only about 15%. In the 10-week-old rats, the lowest fat mass was observed in the AIN NP-FS group, but the differences did not reach a significant level. In the study of Burdge et al. ([@CR5]), where the Southampton low protein diet was used, the protein-restricted diet with additional folic acid caused reduced weight gain, but no effect on adiposity was reported. In the present study, as in the studies of Rees et al. ([@CR41]), there was no effect of protein content in the maternal diet on fat accretion in the offspring. On the contrary, in female offspring of dams fed during gestation with the protein-restricted Hope Farm diet, a lower weight of endometrial fat pads was observed (Rees et al. [@CR42]). Most likely, the profound differences in the effect of protein restriction or folic acid supplementation on adipose tissue development are the results of the different formulas of the diets. Our study indicates for the first time that when the diet is sulfur amino acid balanced, folic acid supplementation of the maternal diet can have a significant effect on body weight and abdominal fat accumulation in the offspring. This effect is independent of protein content but may change with age.

PPARs have been considered to be proteins involved in fetal adaptations to maternal diet, and candidate genes responsible for the programmed phenotype (Rees et al. [@CR43]). In our study, the hepatic expression of the *PPARγ* gene was determined by either protein or folic acid content in the maternal diet. We detected lower *PPARγ* mRNA levels in the progeny of normal protein diet--fed dams or folic acid--supplemented dams. Erhuma et al. ([@CR14]) also observed the induction of *PPARγ* expression by prenatal protein restriction, but only in aging rats. Interestingly, in our study, the enhanced expression of *PPARγ* in the liver was correlated with increased abdominal fat mass, body weight, and calorie intake, while the abundance of *PPARγ* in adipose tissue correlated negatively with these parameters. The consequences of altered *PPARγ* expression for lipid metabolism have been studied in several experiments. The expression of *PPARγ* in the liver is found at a very low level, and its activation leads to lipid accumulation and stimulation of several adipogenic target genes in hepatocytes (Schadinger et al. [@CR44]). However, adenoviral overexpression of *PPARγ* in the liver and adipose tissue attenuated steatohepatitis by redistributing of fatty acids from the liver to adipose tissue (Wu et al. [@CR53]). On the other hand, adenoviral hepatic overexpression of *PPARγ* results in adipogenic differentiation and accumulation of fat in the liver in PPARα^−/−^ mice (Yu et al. [@CR55]). Liver *PPARγ* also affects the accumulation of fat in other tissues. Mice without hepatic *PPARγ* develop relative fat intolerance, increased adiposity, hyperlipidemia, and insulin resistance (Gavrilova et al. [@CR16]). Decreased expression of *PPARγ* in the liver and adipose tissue leads to reduced body weight, reduced total fat mass, and dyslipidemia (Tsai et al. [@CR47]). Furthermore, *PPARγ* is also involved in food intake control (Cecil et al. [@CR8]). *PPARγ* agonists increase food intake resulting in an accumulation of subcutaneous body fat (Larsen et al. [@CR26]), possibly by favoring lipid deposition in subcutaneous depots (Laplante et al. [@CR25]). Correlations between *PPARγ* transcription and abdominal fat mass observed in the present study may therefore be a consequence of reduced food intake, as a correlation between *PPARγ* and calorie intake was also revealed. This hypothesis is also supported by the observation that there was a correlation between the expression of *PPARγ* and the leptin gene in adipose tissue (*r* = 0.57, *P* \< 0.05; data not shown; results concerning leptin gene expression have been described previously Chmurzynska et al. [@CR10]). Taken together, it can be concluded that food intake and lipid metabolism is regulated not only by *PPARγ* expression in the adipose tissue but also in the liver, and fat distribution may depend on the interplay between the expression of *PPARγ* in the liver and in adipose tissue.

The altered lipid metabolism programmed by maternal nutrition during gestation was also reflected by biochemical blood parameters. A reduced blood glucose concentration was associated with protein restriction or a higher level of folic acid in the maternal diet. In the progeny of dams fed with the folic acid--supplemented diet, total cholesterol content was lowered by approximately 20%. In the 16-week-old rats, the ratio of HDL cholesterol to total cholesterol was larger in those animals whose mothers were fed the diet with a normal level of protein or a diet supplemented with folic acid. Folic acid supplementation in the maternal diet was associated with a reduction of blood TAG level in the older animals, while in the 10-week-old rats, this parameter was unaffected by maternal nutrition. On the contrary, folic acid supplementation of the maternal diet has been shown to be associated with increased TAG concentration in male rat progeny (Burdge et al. [@CR5]). Increased plasma glucose and TAG concentrations following prenatal protein restriction have also been demonstrated (Burdge et al. [@CR4], [@CR5]), but we did not observe such associations. Erhuma et al. ([@CR13]) observed that prenatal protein restriction did not affect plasma lipid metabolism in the adult rats, but at the age of 18 months, the protein-restricted animals exhibited hypertriglyceridemia, insulin resistance, and hepatic steatosis. These discrepancies can be explained by the differences in the formula of the experimental diets. In addition, the age of the studied animals seems to be an important factor confounding the results, as the favorable effect of folic acid supplementation in the maternal diet on TAG concentration in the progeny was only observed in 16-week-old rats.

In the present study, total cholesterol and HDL cholesterol concentrations correlated positively with the hepatic *LXRα* expression, and glucose concentration correlated with the *LXRα* transcription level in adipose tissue. A twofold decrease in the hepatic expression of *LXRα* in the progeny of folic acid supplemented dams was observed (*P* \< 0.001). Moreover, there was an interaction effect of protein × folic acid content in the maternal diet. In comparison with the progeny of the NP-NF dams, the expression of *LXRα* was decreased by approximately 40% in the PR-NF and PR-FS groups, and by 77% in the NP-FS group. Prenatal protein restriction induced downregulation of *LXRα* in adipose tissue. There was also an interaction effect between protein and folic acid content in the maternal diet, leading to a reduced level of *LXRα* mRNA in all maternal dietary groups, compared with the progeny of the NP-NF dams. Interestingly, transcription of this gene was sex dependent only in adipose tissue. LXRα has been shown to regulate hepatic fatty acid synthesis by upregulating sterol regulatory element binding protein-1c (SREBP-1c), which enhances the expression of lipogenic enzymes and thereby leads to an increased circulating TAG concentration (Baranowski [@CR1]). LXRα regulates also cholesterol synthesis by influencing *SREBP*-*2* (Wójcicka et al. [@CR52]). LXRα-null mice exhibited higher expressions of *SREBP*-*2* and its target genes, which suggests that LXRα inhibits cholesterol synthesis (Peet et al. [@CR37]). The function of LXRα in adipose tissue has not yet been well described, but it has been shown that LXR agonists modulate lipid metabolism in adipocytes (Stulnig et al. [@CR46]; Hummasti et al. [@CR21]). Our results show that prenatal nutrition determines *LXRα* expression in the liver and adipose tissue, but the consequences of the altered expression profile for the observed phenotype are not straightforward.

Programming of the response to a high-fat diet {#Sec17}
----------------------------------------------

It has been postulated that negative consequences of fetal programming can be observed when there is a mismatch between prenatal and postnatal nutritional environment (Gluckman and Hanson [@CR19]). Jones et al. ([@CR23]) found that the detrimental effect of improper maternal diet (specifically, a 50% food restriction) can be exacerbated by a nutritional challenge (a high-fat diet) in postnatal life. Protein and folic acid content in the maternal diet has been shown to influence TAG and glucose concentrations, but the effect was modified by fat intake after weaning (Burdge et al. [@CR5]). In our study, the altered response to the high-fat diet programmed by maternal nutrition during pregnancy was detected as changed gene expression in the 10-week-old rats and central adiposity in the 16-week-old rats. Hepatic *PPARγ* transcription in response to the high-fat diet was dependent on maternal nutrition. Similarly, activation of *PPARα* gene by high-fat feeding was dependent on prenatal nutrition. The highest *PPARα* mRNA level following the high-fat diet was detected in the progeny of normal folic acid dams, where it was 237% of those in the progeny of folic acid--supplemented dams. Enhanced expression of the *PPARα* gene has an anti-obesity effect which is achieved by the activation of target genes responsible for lipid metabolism. It is also capable of decreasing the dyslipidemia associated with metabolic syndrome (Yoon [@CR54]). We can therefore speculate that decreased *PPARα* expression may have an adverse effect on health, yet no such correlation was found. However, it cannot be ruled out that this effect may be detectable only after long-term high-fat feeding. An altered response to high-fat feeding programmed by maternal protein restriction, mediated by hepatic *SREBP*-*1c* expression, was previously described by Erhuma et al. ([@CR13]).

Final remarks {#Sec18}
-------------

The genes examined here are the key regulators of lipid metabolism which, in response to nutritional stimuli, regulate several biochemical processes and adjust their intensity to nutrient availability. Interestingly, in our model, the expression of *LXRα*, *PPARα,* and *PPARγ* genes in the liver and adipose tissue depended mainly on the maternal diet, but the postnatal diet modified the expression profile. However, the altered transcription profile of these genes does not straightforwardly explain the changes in biometry or biochemical parameters observed on the dietary manipulations used in our study.

Changed gene expression may result from its altered methylation profile, and previous studies have shown that maternal protein restriction during gestation is associated with reduced methylation of *PPARα* in the liver of progeny (Lillycrop et al. [@CR27], [@CR28]). The *LXRα* promoter was hypermethylated in the fetal liver upon maternal protein restriction (van Straten et al. [@CR49]). On the other hand, dietary manipulations did not alter the methylation of *PPARγ* (Lillycrop et al. [@CR27]). In our studies, however, we did not measure methylation of the genes.

We confirmed that folic acid and protein content in the maternal diet has a programming effect on the progeny's lipid metabolism, but this effect also depends on fat content in the postnatal diet and on the age of the animals. It should, however, be underlined that the observed effects are not caused by a single nutrient, but by the overall composition of the diets. The most significant novelty in our findings is that folic acid supplementation of the maternal diet may improve lipid metabolism by reducing abdominal fat accumulation, and by reducing serum cholesterol and TAG concentrations. As mentioned, an interrelation between folate and lipid metabolism has already been observed (Obeid and Herrmann [@CR34]). In case of folate deficiency or hyperhomocysteinemia, associated lipid metabolism disturbances have also been noted (Obeid and Herrmann [@CR34]) and, on the other hand, high folate levels are associated with favorable blood lipid profiles (Semmler et al. [@CR45]; Lim et al. [@CR29]). Our results resemble the situations described in these studies. This may suggest that higher folate availability during fetal life programs the development of the body and leads to better folate absorption or usage in the postnatal period. However, the underlying mechanism remains unknown.
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